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A BACKPACK FOR HARVESTING ELECTRICAL ENERGY DURING WALKING 
AND FOR MINIMIZING SHOULDER STRAIN 



GOVERNMENT SUPPORT 

[0001] The present invention was supported by the National Institutes of Health under 

Grant Nos. AR38404 and AR46125 and certain aspects may be supported by the Office of Naval 
Research under ONR Grant No. N0001403 10568. The government may have certain rights in the 
invention. 

CROSS-REFERENCE TO RELATED APPLICATIONS 

[0002] The present application claims priority to U.S. Provisional Patent Application 

Serial No. 60/455,477, filed March 17, 2003, the contents of which are incorporated herein by 
reference. 

FIELD OF THE INVENTION 

[0003] The present invention relates to ergonomically designed backpacks and, in 

particular, to backpacks that permit the wearer to generate electrical energy from the mechanical 
energy created by movement of the backpack during walking. 

BACKGROUND OF THE INVENTION 

[0004] Man has become more dependent on technology in all arenas of life. The 

ubiquitous use of mobile technologies requires that constant electrical power, presently provided 
by batteries, is available. Total dependence on batteries is problematic because short battery 
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lifespan requires larger batteries, and battery weight can become a significant issue. In the case 
of the military, carrying batteries becomes a backbreaking load (packs weigh in excess of 80 lbs) 
which limits the time soldiers can remain in the field. A device that could generate significant 
electrical energy to recharge batteries while one is on the move, would provide greater freedom 
and operational ability. 

[0005] Energy "harvesting" from body movements requires the capture of mechanical 

energy and conversion into electrical energy. The key requirement for many electrical energy- 
generating technologies, such as electroactive polymers, is the ability to produce movement 
against a load (i.e., provide the mechanical work that will be converted to electrical energy). Up 
to now, attempts to extract such energy have been extremely limited in terms of wattage (i.e., 10- 
20 milliwatts). For example, a watch that stays powered by arm movements generates on the 
order of only a few thousandths of a watt or less. Because the work done by muscles during 
locomotion is generally inaccessible, most attempts at harvesting mechanical energy have 
focused on harvesting energy from shoes by, for example, placing piezoelectric devices in shoes. 
For example, Drake describes such a device in "The Greatest Shoe on Earth," Wired, February 
2001, pp. 90-100. Unfortunately, the only place that is relatively accessible, the foot, is a 
relatively poor location for extracting mechanical energy because very little mechanical work is 
done at the foot during locomotion. 

[0006] More recently, Pelrine et al. suggested in published U.S. Patent Application No. 

2001/0035723 that electroactive polymer devices could be used to generate electrical energy by 
converting mechanical energy generated during by heel strikes during walking into electrical 
energy. Pelrine et al. also suggested that such polymer devices may be used to convert the up 
and down motion of a backpack into electrical energy. However, Pelrine et al. offer no 
suggestions as to how to design such a backpack device. Pelrine et al. also do not recognize that 
a suspended load leads to controlled up/down movement and reduced stress on the wearer's 
shoulders as well as on the rest of his or her body. 

[0007] Accordingly, there remains a strong need to develop a device capable of 

harvesting energy on the order of watts, particularly for military applications. 
[0008] Heavy backpack loads are known to lead to spinal injuries, particularly in 

children. Many school districts encourage parents to purchase spare sets of books for their 
children to minimize the weight of backpack loads. Of course, this approach is quite expensive. 
Recently, wheels have been added to backpacks so that the backpacks may be pulled along the 
ground, thereby reducing the load on the user's back. Such designs are problematic since they 
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do not provide much assistance when the user has to cross grass or more difficult terrain. An 
improved way to reduce load on the wearer's back is desired. 

[0009] Another recent approach to the problem of heavy backpacks is suggested by 

Duckworth in U.S. Patent No. 6,619,523, whereby a shock absorber system is applied to the 
backpack to take the jolts out of hitting the ground. In particular, a damper (air piston) is added 
to the frame of the backpack to reduce the movements of the load with respect to the pack frame. 
Unfortunately, Duckworth did not address the physics of walking or running with a backpack 
and simply built classic shock absorbers. Their springs are too short in length and too stiff to 
permit the large relative movements between the frame and the load which are necessary to keep 
the load relatively still with respect to the ground. Accordingly, rapid movement with the 
backpack taught by Duckworth would cause the generation of a very large force which would 
limit the relative movement between the load and the frame resulting in high shoulder loading as 
well as potentially causing the wearer to lose his or her balance. 

[0010] Accordingly, there remains a strong need to develop a device capable of 

minimizing load stresses on the shoulders on the wearer of a conventional backpack. The 
present invention is designed to address these needs in the art. 

SUMMARY OF THE INVENTION 

[0011] Based on a biomechanical analysis, the present inventor has developed a strategy 

and device (suspended-load backpack) that can produce large forceful movements. These 
movements, when coupled with artificial muscle energy-generating or other mechanical energy 
to electrical energy conversion technologies in accordance with the invention permit the 
generation of several watts of electrical energy during normal walking movements. The 
backpack is designed to permit the load to move relative to the backpack frame during walking 
so that the large movements between the load and the frame of the backpack during walking can 
be transferred to a motor through, for example, a rack and pinion gear, to convert the mechanical 
movement to electrical energy. The movement may also be converted to electrical energy by 
using an electroactive polymer (EAP) (or other artificial muscle technologies) to connect the 
suspended load to the frame. These large movements of the load also reduce the absolute 
vertical motion of the load with respect to the ground. In particular, because the hip (and thus the 
pack frame) go up a down a good deal during walking (and even more during running) with a 
fixed load, large accelerations are necessary that exert large forces back on the shoulders and 
other parts of the body. The large relative movement between the frame and the load noted 
above reduces the absolute vertical excursion of the load and thus the locomotion induced 
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increase in force. To facilitate this function, such designs not only allow the load to make large 
movements but to move in a controlled fashion. This prevents the wearer from losing his or her 
balance as the load moves up and down along the backpack frame, and extends human 
performance by permitting the wearer to run with heavy loads. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0012] The above and other objects and advantages will become apparent to one skilled 

in the art based on the following detailed description of the invention, of which: 
[0013] Figure 1 illustrates the average running speed maintained over time of event for 

world records, illustrating how running performance drops as the duration of the event increases. 
[0014] Figure 2a illustrates that, while walking, a person's movement is like an inverted 

pendulum: one foot is put down, then the body vaults over it, then the back foot is brought 
forward and put down, and then the body vaults over that one. As the load in a conventional 
backpack is tightly secured to the torso, the load must rise and fall about 5 cm as the person 
walks, resulting in large changes in mechanical energy. 

[0015] Figure 2b illustrates the use of compliant shoulder straps by which the load can 

move with respect to the torso, thereby reducing the vertical movements of the pack and the 
amount of mechanical work that must be done to move it. 

[0016] Figure 3 illustrates how the suspended-load backpack allows for large movement 

of the load with respect to the frame and thereby reduces the vertical movement of the load with 
respect to the ground. This in turn leads to the reduction in forces on the shoulders of the wearer 
while running wearing the backpack of the invention. 

[0017] Figure 4 illustrates a rear perspective view of a first embodiment of a suspended- 

load backpack in accordance with the invention. 

[0018] Figure 5 illustrates a rear view of the suspended-load backpack of Figure 4 

without the load. 

[0019] Figure 6a illustrates a first embodiment of a mechanism for transferring 

mechanical movement to an electric motor using a lever. 

[0020] Figure 6b illustrates the mechanism of Figure 6a bent back to permit the user to 

hand crank the motor. 

[0021] Figure 7 illustrates a second embodiment of a mechanism for transferring 

mechanical movement to an electric motor using a rack and pinion. 
[0022] Figure 8a illustrates the motor gears in more detail. 

[0023] Figure 8b illustrates the battery charger circuit. 
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[0024] Figure 9 illustrates the embodiment of Figure 7 where the springs are replaced 

with elastic straps. 

[0025] Figure 10 illustrates a third embodiment of a mechanism for transferring 

mechanical movement to an electric motor in a unidirectional manner using two rack and pinion 
systems, one for upward movement and one for downward movement. 

[0026] Figure 1 1 illustrates an alternate embodiment of a suspended-load backpack in 

which the motor is replaced by a unidirectional generator including a cylinder with turbine- 
driven generators on the top and bottom for use in generating electrical energy. 
[0027] Figure 12 illustrates another alternate embodiment of a suspended-load backpack 

in which electrical energy is generated by electroactive polymer (EAP) straps that connect the 
suspended load to the frame. 

[0028] Figure 13 illustrates an embodiment in which a simple frictional device such as a 

fan is driven by the movement of the suspended load in an attempt to prevent resonance in the 
movement of the load during rapid movement. 

[0029] Figure 14 illustrates the embodiment of Figure 6 modified to include a friction 

adjustment device that allows the wearer to manually adjust the resistive torque generated by the 
motor. 

[0030] Figure 15 illustrates the embodiment of Figure 7 modified to include a friction 

adjustment device that allows the wearer to manually adjust the resistive torque generated by the 
motor. 

[0031] Figure 16 illustrates the embodiment of Figure 7 modified to include a 

microprocessor that calculates the resistance across the motor on-the-fly and adjusts the 
resistance as desired to minimize excess movement of the backpack during rapid movement. 
[0032] Figure 17 illustrates an embodiment of a student backpack whereby a container 

for the load is suspended by elastic straps from an internal frame. 

[0033] Figure 1 8 illustrates a rear perspective view of the backpack of Figure 17. 

DETAILED DESCRIPTION OF ILLUSTRATIVE EMBODIMENTS 
[0034] A detailed description of illustrative embodiments of the present invention will 

now be described with reference to Figures 1-18. Although this description provides detailed 
examples of possible implementations of the present invention, it should be noted that these 
details are intended to be exemplary and in no way delimit the scope of the invention. 
Analytical Background for Suspended-load Backpack 

[0035] To better understand the design considerations for the backpack of the invention, 

the energetics and mechanics of human movement with a view of choosing a means of extracting 

-5- 



ROME-0003 

mechanical energy that can be subsequently used for electrical conversion will be described. 
The design considerations will then be applied to a suspended-load backpack in accordance with 
the invention so as to effectively make the mechanical energy generated by the load movement 
accessible for conversion to electrical energy. How the backpack of the invention also may 
reduce shoulder forces that, in turn, reduce orthopedic problems as well as extend human 
performance by permitting the carriage of greater weights at much faster speeds (i.e., running) 
also will be discussed below. 

Limits of Human Performance 
[0036] Human performance has been studied extensively for decades, so as a first step it 

is useful to ascertain how much energy is available for harvesting. The values vary greatly 
depending on the duration of performance as well as what proportion of the subject's muscle 
mass is included in the activity (i.e., activities which use a greater proportion of the muscle mass 
naturally can generate more power). 

[0037] Muscle is a biochemical machine which takes high energy compounds (fat, 

carbohydrates and proteins) and breaks them into lower energy compounds: CO2 and H2O. Some 
of the energy released in this process is captured in the form of ATP, which in turn, is the 
immediate fuel used by the muscle Ca 2+ pumps and muscle cross-bridges. The cross-bridges, in 
turn, can use the energy in the ATP to perform mechanical work. The fact that there are three 
points at which energy can be measured (total energy, energy in the ATP, and the amount of 
mechanical work performed) and that two efficiencies can be determined (mechanical power 
output/ total energetic cost or mechanical power output/energy stored in the ATP utilized) can 
lead to some confusion. As a rough guideline, approximately half of the chemical energy that is 
liberated in the breakdown of metabolites is captured in the form of ATP and the rest is liberated 
as heat. Further, a maximum of about 50% of the energy stored in the high energy phosphate 
bond in ATP can be converted to mechanical power. However, this value is highly variable and 
depends on the activity in which the muscle is engaged-i.e., if muscle generates force 
isometrically and thus does not shorten, then no external work is done and the efficiency is zero. 
Hence when describing the efficiency of mechanical power generation in term of the energy 
contained in the bonds of the metabolites, the maximum value is approximately 25%. Note that 
although this seems low compared to some artificial muscles, this is misleading. The 25% value 
is equivalent to calculating the efficiency of an electric motor by going back to the energy in the 
coal that is burned to generate the electricity in the first place. 
Short duration— maximal performance 
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[0038] Man is capable of generating large amounts of power for a short period of time. 

For example, a well-trained cyclist can generate in excess of 1200W of power over one half- 
crank revolution. The amount of power a person is capable of generating for short periods 
depends on the amount of muscle mass being recruited. In the case of cycling, lean thigh mass is 
a good predictor of maximal short-term power. Since college-aged males tend to have smaller 
lean thigh mass than well-trained cyclists, they will typically generate less power over a short 
period (i.e. 800-1200 W) while elite sprinters, with large lean thigh volumes, will exceed 
2000W. Other modes of exercise incorporating a greater amount of lean body mass will yield 
higher short-term power outputs. For example, elite rowers can average greater than 2000W of 
power generation over the drive phase of one stroke. In this whole body motion, maximal power 
is correlated to total lean body mass. It is likely that muscle efficiency at these maximum power 
outputs, would be reduced to 10 or 15%; however, for technical reasons, it is very difficult to 
measure. Indeed, if it is reduced to 10%, then when the athlete is generating 1500W of 
mechanical work, the total energy utilized would be an extraordinary value of ~ 15,000W. 
[0039] If even a tiny fraction of the total energy could be converted into electricity, this 

would be a very large source of electrical power. Unfortunately, there are two prohibitive facts. 
First, there is not an easy technology to convert heat into electricity from the small heat gradients 
in the body. Second, this level of athletic activity can only be maintained for 5 to 10 seconds. 

Sustainable power output 
[0040] The reason that this maximum level of performance cannot be sustained for long 

periods is that ATP cannot be generated fast enough. Even if there is a significant reduction in 
the performance level, where ATP can in fact be generated, this can only be done anaerobically 
and thus on the order of only minutes, as shown in Figure 1. To break carbohydrates down to 
C0 2 and H 2 0, oxygen is necessary. If sufficient 0 2 cannot be delivered, then the carbohydrates 
must be broken down anaerobically to lactic acid. When lactic acid builds up, it causes the 
muscle to become more acidic, thereby reducing the force production and causing fatigue. 
Hence, the generation and build up of lactic acid sets the limits for sustainability in high intensity 
exercise. Over the course of several hours, for an elite cyclist, the lactate concentration is mostly 
dependent upon lactate threshold. Professional cyclists typically have a V0 2 max of around 5.2- 
6.0 L/min and a lactic threshold of around 80-85% V0 2 max . Using the ACSM equation (which 
is an empirical equation relating oxygen consumption to mechanical work production), one 
would expect a sustained mechanical power output of 320-4 10W, which is in fact about what an 
elite cyclist would hold for a long time trial. For average college aged males, the lactate 
threshold would occur at about 15 0-200 W. Which also constitutes a very high level of activity. 
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Walking metabolism 

[0041] It is clear that when carrying large loads (e.g. 80 pounds), walking will be the 

preferred mode of movement. For walking at various speeds, the oxygen cost varies with 
walking speed (and body weight and the load carried). The value of total metabolism ranges 
from 200-350 W. It is difficult to ascertain how much mechanical work is done during walking, 
because unlike sprinting (where there is acceleration), or cycling and rowing (where mechanical 
work is being performed against the crank or a lever system), measurement of mechanical work 
performed during walking is complicated to assess. 

Mechanics and Work Production During Walking 
[0042] Terrestrial locomotion is fundamentally different than locomotion through a fluid. 

In fluids, the environment does work on the body moving through it (by the force of drag) and 
the animal must perform mechanical work on the environment (by the force of thrust). In 
terrestrial locomotion, the environment does no work on the body except for the small force of 
aerodynamic drag which is tiny during human movement. Conversely, humans do no work on 
the environment (i.e., there is no significant wake or vortices or an increase in temperature left 
behind). 

[0043] When running, the mechanical energy (based on measurement of the kinetic and 

gravitational potential energy of the body) stays essentially constant during the aerial phase (i.e., 
there is transfer between kinetic energy in the vertical plane and gravitational potential energy as 
the height of center of mass (COM) changes). However, the mechanical energy (sum of kinetic 
and gravitation potential) declines when the foot makes contact with the ground. This loss of 
mechanical energy is accomplished by negative work performed by the muscle-tendon 
complexes distributed around the joints. At takeoff, this energy must be placed back into the 
mechanical system so that the animal has the same level of mechanical energy as it did before it 
hit the ground. The source of this mechanical work depends on the fate of the mechanical energy 
absorbed during the deceleration. If it was lost as heat, then the muscle must perform mechanical 
work de novo, to reaccelerate and add an increment of mechanical energy to the body. If the 
mechanical energy is stored in the stretch of elastic structures (tendons, muscle, ligaments), then 
this stored elastic energy can be put back into the system by the muscle-tendon complex 
performing positive work. Determining how much of the energy increment is lost as heat or is 
stored as elastic energy and recovered during lift off, is difficult to measure. There have been 
superb experiments involving a determination of the force on and the strain of the tendons during 
the contact phase that suggest that in man a great deal of the energy can be stored and recovered, 
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and hence the contractile element of the muscle does not have to perform as much de novo 
mechanical work as it would otherwise and thus uses less energy. 

[0044] Walking, of course, is energetically less costly than running, and this is in large 

part due to the fundamentally different mechanism for mechanical energy transfer employed 
during walking. While walking, a person's movement is like an inverted pendulum: one foot is 
put down, then the body vaults over it, then the back foot is brought forward and put down, and 
then the body vaults over that one as shown in Figure 2a. Although the hip and center of mass 
go up and down 4-5 cm, mechanical energy is transferred between gravitational potential energy 
and kinetic energy, hence in theory very little de novo mechanical work needs to be done by the 
muscles. Muscles, of course, are required to perform mechanical work to swing the legs forward 
and to add increments of mechanical energy inevitably lost to energy transfer inefficiencies and 
friction. In addition, one still needs the muscles to generate force and hold the leg relatively rigid 
as the subject vaults over it. Generating force, however, is energetically less expensive than 
performing mechanical work and, accordingly, walking is energetically cheaper than running. 

Extracting mechanical energy out of human locomotion 
[0045] One result from the preceding analysis is that almost all of the mechanical work is 

done inside the body (rather than on the environment). This makes it exceedingly difficult to 
extract some of the mechanical energy to drive the electrical energy conversion apparatus 
because the device would need to either be placed in the body (which is difficult and certainly 
undesirable) or attached to the outside of the body (i.e. like an exoskeleton or kneepad) which 
affects maneuverability and comfort. Therefore, the most obvious place to put a device is in the 
shoe but, as noted above, this approach has permitted only small levels of electrical energy 
generation. The chief reason for this limitation is that essentially no work is done at the foot- 
ground contact point, and thus there is very little mechanical energy which can be extracted. 
[0046] This can be clearly appreciated when observing the contact between the boot and 

the ground. Although very large forces can be generated, very little work (JF-J1) is done because 
under normal circumstances the point of force application does not move (i.e., </l=0). One can 
artificially try to make the system perform work by making the boot compliant (and hence have 
the foot move a small distance in the shoe by compressing the sole underneath it or by placing a 
sole plate which is deformed as one moves from heel strike to toe off. In both of these cases, this 
distance (and hence the mechanical energy available for extraction) is limited because as the 
boots become more and more compliant, it affects the subject's ability to move and maneuver. 
[0047] The inventor's analysis of humans walking with backpacks, however, has yielded 

a possible mechanism for extracting mechanical energy. Although the large load in the backpack 
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represents a significant problem for the subjects carrying it, the present inventor viewed the load 
in the backpack as an opportunity to harness mechanical energy and developed a way to extract 
some mechanical energy from the load's movement for eventual conversion to electricity. 
[0048] As mentioned above, while walking, a person's movement is like an inverted 

pendulum: one foot is put down and then vaults over it causing the hip to cycle up and down 4-5 
cm. Any object rigidly attached to the body also has to move up and down. Thus, if one is 
carrying a load in a backpack, because it is fixed to the body it has to go up and down that same 
vertical distance (Figure 2a). A considerable amount of mechanical work is done if the load is 
heavy. In the case of an 801b load (36 kg), for example, 18 J of energy accompanies each step 
assuming a 5 cm displacement. This mechanical energy is also inaccessible if the load is rigidly 
attached to the body. The goal of the inventor, therefore, was to decouple the movement of the 
load with respect to the body so that the differential movement created between the load and the 
body could be used to drive electrical generation technology that converts the mechanical 
movement into electrical energy. 

[0049] The simplest approach is the use of compliant shoulder straps as shown in Figure 

2b. However, the differential movement might cause the backpack to rub on the hips, back and 
shoulders of the wearer and thus cause discomfort. Also, the friction will prevent the backpack 
from moving through the full range of movement (i.e., <5 cm). An alternate solution is proposed 
in accordance with the invention whereby the pack frame is fixed to the body as in a normal 
pack, but instead of fixing the load to the pack framed the load is suspended from the frame so 
that the load would still be decoupled from the body. As illustrated in Figure 3 and described in 
more detail below, the movement of the load with respect to the frame reduces vertical excursion 
of the load with respect to the ground and in turn reduces the forces on the wearer's shoulders. A 
design of such a suspended-load backpack is illustrated in Figure 4 and is described in more 
detail below. During walking, the load in this backpack rides up and down on bushings 
constrained to vertical rods. Hence, the load is free to move in the vertical direction without 
danger of swaying. As desired, a lock is also provided to lock the load to the backpack frame to 
prevent it from moving (as when rock climbing). 

[0050] The backpack of Figure 4 enables electrical energy to be harvested while walking 

wearing the backpack. Depending on step frequency and hip excursion, 17-36 watts of energy 
may be required to raise and lower the load. Although it is difficult to extract the mechanical 
energy from the body's change in height of the center of mass, by interposing this device 
between the body and the load, some of the mechanical energy changes of the load can be 
captured. 
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Suspended-load backpack reduces forces on shoulders 
[0051] The present inventor has recognized that wearing the suspended-load pack of the 

invention reduces peak ground forces and more importantly, reduce forces on the shoulder 
(Figure 3). This, in turn, should lead to a reduction in fatigue and orthopedic problems and may 
permit the wearer to carry greater loads. Further the reduction in force permits much faster 
movements, thereby making running with loads possible. The reasons for the reduced forces are 
believed to be the result of the fact that the load in the backpack exhibits controlled movement 
and does not move as far with respect to the ground. 

[0052] One usually considers a load only in terms of the force required while standing 

still. This considerably underestimates the problem. As mentioned above, when one walks or 
runs, the hips rise and fall, and if the load is rigidly attached to the body, the load has to undergo 
the same change in height, as illustrated in Figure 2a. This requires that the load be accelerated 
upwards on the up-step and hence more force be exerted up on the load. As most loads are 
carried on the shoulder, this increases the force and pressure on the shoulder. This added 
pressure can be very large. For instance, Kram, in an article entitled "Carrying Loads With 
Springy Poles/' Journal of Applied Physiology, Vol. 71(3), pp. 1 1 19-22 (1991), found that when 
people run with a weight attached to their shoulders that the peak force on the shoulders is 
approximately 2-fold higher than the static weight when the person is standing still. As noted by 
Kram, merchants in Asia often carry loads at the end of long bamboo pools carried over their 
shoulders. By hanging the loads from springy poles, it was found that as experimental subjects 
run, the load stays close to the ground and does not undergo the large vertical excursions 
observed for the center of mass of the person (See Figure 2). Because it is not necessary to 
accelerate the load upwards on the up-step, the forces that are generated at the feet and shoulders 
do not have to increase above that necessary to support the static weight while standing still. 
[0053] Hence, two important facts are clear: 1) Movement causes the dynamic forces on 

the shoulders to be much larger than the static forces when standing still. Hence, dynamic forces 
during walking or running are likely to be an important determinant of orthopedic problems. 2) 
Suspending the load can reduce the dynamic forces on the shoulders down to the level of the 
static forces when standing still (i.e., the weight), and hence may be an important avenue for 
reducing orthopedic injury. 

[0054] Clearly, any intervention that reduces dynamic force on the shoulders of adults 

has considerable importance for recreational backpackers and especially the military where load 
carriage is recognized as a major problem. Likewise as wejbecome increasingly technology- 
dependent, there is a greater need for carrying laptop computers and even medical devices. 
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Reducing the dynamic forces on the shoulders of the general public, and especially in the elderly, 
is of considerable interest, as well. 

[0055] The suspension of backpack loads also represents a potential opportunity to 

reduce the dynamic loads experienced by school children who carry heavy backpacks. There is 
significant evidence from numerous studies around the world indicating that children carrying 
heavy backpacks is a considerable problem and may have potential long-term medical 
consequences. Back pain is a relatively common symptom among school children and in many 
the pain is recurrent or chronic even before puberty. Studies by Negrini et al. and reported in 
"Backpacks On! Schoolchildren' s Perception of Load, Associations With Back Pain and Factors 
Determining the Load," Spine, Vol. 27(2), pp. 187-195, 2002, have shown that school backpacks 
are felt to be heavy by 79% of children, to cause fatigue by 65.7%, and to cause back pain by 
46.1%. In addition, numerous studies have shown that in children, carrying weight in excess of 
15% of one's body mass (which they almost always do), can lead to significant increase in trunk 
inclination, abnormal standing posture while carrying the load, as well as muscle soreness, back 
pain, numbness, shoulder pain, and even spinal deformities. 

[0056] Based on the forgoing explanation of the physics of load carrying with poles and 

the physical problems found in children, suspending the load in a compact package (i.e., 
suspended-load backpack) represents an important contribution to solving this problem. 
Embodiments of Suspended-Load Backpack for Electricity Generation 

Suspended-Load Backpack for Electricity Generation 
[0057] Suspension of the load permits generation of electricity for the purpose of 

powering devices in real time or charging batteries or capacitors for later use. Springs or an 
elastic sheet or cord with the appropriate spring constant are used to suspend the load 
compartment from the frame of the backpack. Electricity can be developed by driving an electric 
motor so that it becomes an electricity generator. The up-down movement of the load is 
transferred to the electric motor using either a lever or a rack and pinion to facilitate energy 
generation. The electric motor, in turn, produces current of alternating polarity that is rectified 
by a rectifying circuit with capacitive filtering. The output of the rectifying circuit provides 
charge to a battery charging unit mounted in or on the backpack. The electric motor also can be 
driven by hand by first disengaging the normal drive mechanism and either using the lever 
(Figure 6b) or a gear handle (Figure 7) so that devices can be used (or batteries charged) when 
not walking with the backpack (either in inclement weather, at night, or under fire, as in military 
use). As will be explained below, the motor may be replaced by electroactive polymers (EAPs), 
as appropriate, to generate electricity. 
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[0058] Figures 4 and 5 illustrate a rear perspective view of a first embodiment of a 

suspended-load backpack 10 in accordance with the invention. As illustrated, backpack 10 
includes a frame 20 including vertical rods 22 and horizontal bars 24. In an illustrative 
embodiment, rods 22 are made of hardened chrome plated shafts having Vz inch diameters while 
bars 24 are made of aluminum. Frame 20 supports a suspended load 30 which may be in the 
form of a box or satchel connected to a load support structure or (e.g., aluminum) plate 40 
suspended with respect to the frame 20. In the embodiment of Figures 4 and 5, the load support 
structure 40 is supported with respect to frame 20 in the vertical direction by extension springs 
50 (e.g., nickel plated steel with 2: 1 extension and 5.2 lbs/in. spring constant) that have spring 
constants selected to support the desired load rating for the suspended load 30. A fourth 
identical extension spring pulls down on plate 40, thereby providing a restoring force. Although 
three springs 50 are illustrated for connecting the load support structure 40 to the bar 24 of frame 
20, those skilled in the art will appreciate that one or more springs 50 may be used to support the 
load 30. Load support structure is laterally stabilized with respect to frame 20 by a plurality of 
bushings 60 that ride up and down on rods 22. In an illustrative embodiment, four bushings 60 
are provided (one on each comer of the load support structure 40) for stability, and each bushing 
60 comprises a self-aligning linear ball bearing with an inner diameter (e.g., V% inch) designed to 
ride upon rods 22. The combination of springs 50 and bushings 60 permits load support 
structure 40 and suspended load 30 to move up and down with respect to frame 20 as the wearer 
walks, without rubbing the wearer. 

[0059] As illustrated in Figures 4 and 5, a locking mechanism 70 may be included on one 

or both sides of the frame 20 to permit the wearer to lock the load support structure 40 (and 
hence load 30) in place to prevent movement, as when the wearer needs to move in a manner 
which does not allow for shifting of the load (e.g., rock climbing). Locking mechanism 70 may 
be a split block clamp with a locking knob. Preferably, the locking mechanism 70 is made of a 
sufficiently strong material (e.g., PVC or nylon) to clamp the load support structure 40 to prevent 
movement. As illustrated, the frame 20 with the suspended load 30 and its support structure is 
worn by the user by inserting his/her arms through shoulder straps 80 and attaching waist belt 90. 
[0060] Figure 6a illustrates the backpack of Figure 4 and 5 with a first embodiment of a 

mechanism for transferring mechanical movement of the suspended load 30. As noted above, 
the suspended load 30 moves up/down with load support structure 40 on bushings 60 as the 
wearer walks. Springs 50 have spring constants sufficient to permit controlled movements of the 
suspended load 30 and load support structure 40. In the embodiment of Figure 6a, the up/down 
movement of the load support structure 40 is transferred via a lever actuator structure 100 
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including lever handle control bars 102 to a lever 110 including lever pin or knob 112. In 
particular, as the load support structure moves up and down, lever handle control bars 102 crank 
the lever knob 1 12 up and down so as to crank gears that, in turn, crank the gears of a DC servo 
motor 120. In an illustrative embodiment, DC servo motor 120 may be a GT-025 servo motor 
available from Dynetic Systems. This motor includes a 25: 1 inline planetary gear head. As 
illustrated, the DC servo motor 120 is connected to bar 24 of frame 20 by a support plate 130. 
As illustrated in Figure 6b, the lever actuator structure 100 may fold away from the motor 120 
and lever 1 10 to permit the wearer to access the lever 110. As a result, the wearer may crank the 
lever 1 10 to generate electricity when the backpack 10 is not being worn. 
[0061] Figure 7 illustrates a second embodiment of a mechanism for transferring 

mechanical movement to a DC servo motor 120 where the lever crank mechanism is replaced by 
a rack 140 connected to load support structure 40 and a corresponding pinion gear 150 connected 
directly or through gear linkages to DC servo motor 120. As in the embodiment of Figure 6a, the 
rack 140 may fold away from the pinion gear 150 to facilitate access to the pinion gear 150 for 
manual cranking of the DC servo motor 120, as when the user is resting. Figure 8a illustrates the 
mechanism of Figure 7 in more detail. As illustrated, the up/down movement of the rack 140 
with respect to the pinion gear 150 turns gears 1 14, 1 16, 1 18, and 1 19 so as to transfer energy to 
DC servo motor 120. As shown in Figure 8b, the output of DC servo motor 120 is provided to 
an electronics charging unit 400 where it is rectified by a rectifier 122 and filtered by a 
capacitive filter 124 before being provided to a battery charger 126 for recharging batteries in 
battery pack 128 as well as electrical components, and the like. 

[0062] As illustrated in Figure 9, the springs in any of the embodiments may be replaced 

with elastic straps or cords (e.g. bungee cords) 160 having the appropriate tensile strength and 
elasticity. 

[0063] Figure 10 illustrates a third embodiment of a mechanism for transferring 

mechanical movement to an electric motor unidirectionally using two racks 170 and 175 and two 
sets pf pinion gears 180, 195 and 185, 190, one rack and pinion gear for upward movement (rack 
175 and pinion gears 185, 190) and one rack and pinion gear for downward movement (rack 170 
and pinion gears 180, 195). Better electricity generation may be achieved by providing 
unidirectional movement of the DC servo motor 120. As illustrated, the two racks 170 and 175, 
two pinion gears 180 and 190, and two free wheels 205, 208 (with opposite polarities) are 
attached to the motor gears (Figure 8b) to facilitate clockwise cranking of the motor gear both as 
the suspended load 30 rises and as suspended load 30 falls during walking. As illustrated, one 
rack 170 drives the motor gear on the way up and the other rack 175 drives the motor gear on the 
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way down. When coupled to a fly wheel 200 to drive the motor gear in one constant direction, 
this movement provides positive current with less fluctuation in voltage and obviates the need for 
a rectifier circuit. 

[0064] Figure 1 1 illustrates another implementation of a unidirectional generator 

involving using a cylinder 202 with turbine-driven generators 204 on the top and bottom. In the 
illustrated embodiment, either the fan blades or the generator polarity would need to be opposite 
at top and bottom to permit positive current to be generated both when the piston 206 is moved 
up and down by load support structure 40. During use, as the input rod 209 connected to the 
load support structure 40 moves up and down, the piston 206 is moved up and down to turn the 
fans of generators 204 at the positive pressure end. Positive voltage is generated at both ends 
because the fans are cut with opposite blade directions. This also requires two one-way valves 
211 and 213 at the respective ends. Thus, as piston 206 moves up, air comes in behind it from the 
one way valve 213 at the bottom. The one way valve 213 keeps air from moving over the bottom 
fan blade in the wrong direction (which would cause negative voltage).The air flow produced 
can be used to cool the operator. The generated electricity is output via leads 214, 215 as 
indicated. 

[0065] Figure 12 illustrates an alternate embodiment of a suspended-load backpack in 

which electrical energy is generated by electroactive polymer (EAP) straps 210 that connect the 
suspended load to the frame. In this embodiment, the function of the springs 50 and DC servo 
motor 120 is replaced by "artificial muscles," such as electro-active polymers (EAPs) 210 of the 
type described by Pelrine et al., for example. EAPs 210 and other artificial muscles are elastic 
materials that can replace the springs 50. EAPs 210 have the special properties that they function 
like a variable capacitor that changes capacitance based on changes of their thickness and area. 
Hence, the associated power electronics circuit can be configured so that as the EAP 210 is 
deformed in a repetitive cycle by the mechanical work of the load, the power electronics can 
energize the EAP 210 and harvest electrical energy from it. As illustrated in Figure 12, this 
electricity may be captured by electrodes 220 and forwarded via wires 230 to the power control 
circuitry 240 which extracts electrical energy from the outputs of the electrodes 220 of the 
EAPs 210 as described, for example, by Pelrine et al. in an article entitled "Dielectric elastomers: 
Generator mode fundamentals and applications," Proceedings of SPIE - The International 
Society for Optical Engineering, Vol. 4329, 2001, pp. 148-156), the contents of which are hereby 
incorporated by reference. Hence, EAPs 210 serve the function of an electrical generator as well 
as load suspension device, thereby obviating the need for the DC servo motor 120. 
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[0066] EAPs 210 and other "artificial muscles" currently in development have several 

potential advantages. First, all of the mechanical energy extracted during relative movement of 
the load 30 will be stored in the EAP 210, thus avoiding frictional losses in gears of an 
electromagnetic system. Second, much higher efficiencies of conversion of mechanical energy to 
electrical energy is offered by EAP 210 than by conventional motors where losses are 
considerable. Third, as noted by Pelrine et al., the energy density of EAPs 210 are very high 
compared to electromagnetic technology (i.e., at least an order of magnitude higher). Moreover, 
EAPs would be much lighter than the springs 50 and DC servo motor 120 required for 
conventional electrical generation. It is further recognized that to extract electrical energy 
efficiently the movement of the load will need to be "geared" to he optimal strain of the EAP 
210. Accordingly, a mechanical transformer, as simple as a lever, may need to be used to 
accomplish this. 

[0067] The backpack described above has been found to generate an average electrical 

power of about 2W (peak is 10 W) when walking at 3.5 MPH with a 40 lb load. At present, 
EAPs do not permit generation of this amount of power in part because of technical problems 
with electrodes and durability. However, the inventor contemplates that EAPs will soon develop 
to the extent that improved power levels will be obtained, thereby making the EAP embodiment 
of Figure 12 more attractive for the extraction of electrical energy. 

Suspended-Load Backpack for Minimizing Shoulder Strain 
[0068] Suspension of the load 30 in the backpack 10 reduces the vertical movements of 

the load 30 with respect to the ground. As noted above with respect to Figure 3, this permits 
load carriage to be more comfortable at moderate speeds and permits one to obtain faster load 

carriage speeds (i.e., one can run fast with a heavy pack), which is not possible (or far less stable) 

j 

without load suspension. While it is possible to walk with just the springs 50 attached to the load 
30, as one runs a resonance will be achieved and the movement of the load will become too large 
and difficult to control. Hence, some energy has to be removed from the system to prevent 
resonance. The most basic way this can be achieved is by driving a simple frictional device with 
the lever or rack and pinion. Although any frictional device would work, a particularly attractive 
one is a fan because the air circulated by the fan can provide cooling to the individual carrying 
the pack. Figurel3 illustrates an embodiment in which a fan 250 is driven by the movement of 
the suspended load 30 in an attempt to prevent resonance in the movement of the load 30 during 
running. Thus, the backpack of Figure 13 cools the wearer, prevents resonance movement of the 
load 30, thereby permitting controlled up and down movement, and reduces forces on the 
shoulders and the rest of the body of the wearer. 
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[0069] The benefit of preventing such resonance movement of the load 30 (i.e., 

permitting controlled up and down movement) was proven experimentally by filling a backpack 
10 of the embodiment of Figure 6 with a 40 lb load (total weight is -50 lb) and having the wearer 
run on a treadmill (see Figure 3). When the load 30 was free to move up and down on the frame 
20 with some damping of the movement with respect to the frame to control resonance, the 
wearer was able to run comfortably in excess of 6 miles an hour. The load 30 was then clamped 
so that it would not move up and down on the frame 20. The wearer was unable to continue 
running comfortably and would go wildly out of control. Thus, the invention permits one to run 
with large loads, which is simply not possible otherwise. The invention thus has obvious 
implications for the military as well as athletic training. 

[0070] A more sophisticated system includes a frictional device whose friction can be 

easily adjusted. For example, Figure 14 illustrates the embodiment of Figure 6 modified to 
include a friction adjustment device (potentiometer) 265 that allows the wearer to adjust the 
resistive torque generated by the DC servo motor 120. As known by those skilled in the art, one 
may alter the resistive torque generated by the DC servo motor 120 by altering the resistance 
value of potentiometer 265 across the output of the DC servo motor 120. Potentiometer 265 
and/or different resistors in a switch box may provide differences in torques at a given speed for 
embodiments including a lever (Figure 14) or a rack (Figure 15) that can be adjusted for load and 
gait. It may be found, however, that to optimize load suspension (in theory one would want the 
load to stay at the same vertical height throughout the step cycle), it may be necessary to actively 
control the torque during the step. For this to be accomplished, a microprocessor 260 (Figure 16) 
may be used that receives inputs from a tachometer (not shown) on the DC servo motor 120 as 
well as accelerometers on the pack frame 20 and load 30 (not shown). Using these inputs, the 
microprocessor 260 may calculate the best torque and change the load resistance across the DC 
servo motor 120 on-the-fly. This can be achieved by either the lever or rack & pinion system of 
Figures 14 and 15, respectively. Of course, since electricity is being generated, the generated 
electricity may be used to provide the power for the microprocessor 260, and hence a high level 
of ergonomic benefit free of battery power. Also, adjusting the load resistance in this manner 
will have a damping effect and provide an opportunity to set the best damping of movement of 
the load with respect to the frame and/or the ground for a particular gait or speed. 

Day Pack Embodiment 
[0071] It is not necessary for the backpack to have a large external frame as illustrated in 

the above embodiments. Rather, the ergonomic advantages of the invention can be provided to 
day packs or student book bags as well, particularly those fitted with an light weight internal 
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frame. Figures 17 and 18 show such an arrangement where a Kelty day pack which normally 
comes with two aluminum stays is fitted with additional stays across the top and the bottom to 
form a frame 270. In this configuration, clips or jam cleats (not shown) hold sheets of elastic 
material 290 that suspend a bag 280 within the pack 310. Clips or jam cleats are desired that 
permit the tension of the elastic material 290 to be adjusted according to the load. Heavy books 
(or other dense materials such as water) are inserted into this bag 280 and the suspension of the 
bag 280 reduces shoulder forces applied via shoulder straps 300 during walking for the same 
reasons as explained above. Suspension of the load in this manner also permits running with a 
sizable load that would otherwise be very difficult. It should be noted that with the development 
of artificial muscle technology, replacement of elastic sheeting with EAPs would permit 
electrical energy generation as well. 

Hybrid Device: Electricity Generation While Minimizing Shoulder Strain 
[0072] Many of the embodiments of backpacks for generating electricity set forth above 

have the same configurations as those for improving ergonomics. However, because the goals 
differed, the control equipment would be optimized for each particular function. For instance, in 
the embodiment of Figure 16, the backpack 10 includes a frame 20 with a DC servo motor 120 
driven by lever 110 (Figure 6) or rack 140 and pinion gear 150 (Figure 7) with an attached 
microprocessor 260 that calculates the appropriate load for the DC servo motor 120 to optimize 
ergonomic consideration and speed. As noted above, this system also can generate electricity- 
certainly enough to power the microprocessor 260. The basic point is that the driven motor 120 
(or EAPs 210) can both power electricity generation and reduce locomotion induced forces. To 
an extent these two functions are compatible-/, e., when running or walking fast with the 
backpack, mechanical energy must be removed from the system to prevent resonance. At the 
same time, this mechanical energy can be converted to electrical energy providing benefit for 
both functions. While if one were to optimize the system for electricity generation, it may be 
somewhat non-optimal for reduction in locomotive induced force, and vice-a versa, under 
microprocessor control one may tune the system for electricity generation or for ergonomic 
considerations depending on what is most important to the operator. Hence, in a preferred 
embodiment, the backpack of the invention is a hybrid device that utilizes motors or artificial 
muscles and allows the operator to decide what activity to optimize for (or somewhere in 
between) and hence adjust the system appropriately. 

[0073] Those skilled in the art will also appreciate that numerous other modifications to 

the invention are possible within the scope of the invention. For example, if load shifting during 
rapid movements become a significant problem, the lock on the suspended load may be designed 
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to engage automatically. Also, the motor described herein may also be replaced by a single 
crystal 1-3 composite of the type described by Park et al. in '"Ultrahigh strain and piezoelectric 
behavior in relaxor based ferroelectric single crystals", J. Appl Phys. 82, 1804 (1997).or by 
PVDF devices of the type described by Xia et al. in "High Electromechanical Responses in 
Terpolymer of Poly(vinylidene fluoride trifluoroethylene- chlorofluoroethylene" Adv. Maters. 
Vol. 14, p. 1574 (2002), that can be used to generate electricity when pulled or stretched by the 
load attached thereto. Accordingly, the scope of the invention is not intended to be limited to the 
preferred embodiment described above, but only by the appended claims. 
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